Abstract Chronic pain is supported by sterile inflammation that induces sensitisation of sensory neurons to ambient stimuli including extracellular ATP acting on purinergic P2X receptors. The development of in vitro methods for drug screening would be useful to investigate cell crosstalk and plasticity mechanisms occurring during neuronal sensitisation and sterile neuroinflammation. Thus, we studied, at single-cell level, membrane pore dilation based on the uptake of a fluorescent probe following sustained ATP-gated P2X receptor function in neurons and nonneuronal cells of trigeminal ganglion cultures from wild-type (WT) and R192Q Ca V 2.1 knock-in (KI) mice, a model of familial hemiplegic migraine type 1 characterised by neuronal sensitisation and higher release of soluble mediators. In WT cultures, pore responses were mainly evoked by ATP rather than benzoyl-ATP (BzATP) and partly inhibited by the P2X antagonist TNP-ATP. P2X7 receptors were expressed in trigeminal ganglia mainly by non-neuronal cells. In contrast, KI cultures showed higher expression of P2X7 receptors, stronger responses to BzATP, an effect largely prevented by prior administration of Ca V 2.1 blocker ω-agatoxin IVA, small interfering RNA (siRNA)-based silencing of P2X7 receptors or the P2X7 antagonist A-804598. No cell toxicity was detected with the protocols. Calcitonin gene-related peptide (CGRP), a well-known migraine mediator, potentiated BzATP-evoked membrane permeability in WT as well as R192Q KI cultures, demonstrating its modulatory role on trigeminal sensory ganglia. Our results show an advantageous experimental approach to dissect pharmacological properties potentially relevant to chronic pain and suggest that CGRP is a soluble mediator influencing purinergic P2X pore dilation and regulating inflammatory responses.
Introduction
Chronic pain is characterised by abnormal crosstalk between neuronal and non-neuronal cells governed by altered levels of soluble inflammatory pain mediators, such as cytokines, calcitonin gene-related peptide (CGRP) and ATP [1] . These mediators result in neuronal sensitisation due to persistent changes in ganglion environment, inducing tissue remodelling and creating new Electronic supplementary material The online version of this article (doi:10.1007/s11302-017-9576-1) contains supplementary material, which is available to authorized users. pharmacological properties via new receptor synthesis and assembly, cell recruitment and neuroinflammation. Recent evidence suggests that in chronic pain, ATP-gated P2X receptors play a pivotal role in triggering and supporting these phenomena [2, 3] . Considering the heterogeneous expression of ATP-gated receptors in neurons and non-neuronal cells [4, 5] , the outcome of purinergic signalling is likely to depend on the time course of receptor activity, in turn related to the tissue context and the molecular mechanisms at the single-cell level. In particular, when persistently exposed to an agonist, certain P2X receptors induce reversible changes in cell membrane permeability characterised by emergence of large pores through which even large size molecules can permeate [6, 7] . Although the underlying biophysical mechanisms are not fully understood, this transient increase in membrane permeability was first shown for P2X7 receptors [8] and later for P2X2 and P2X4 receptors [9, 10] . The current hypothesis is that this process may be essential for sustaining acute inflammation and its further amplification. Interestingly, pore dilation can be measured at the single-cell level because the strong permeability enables measurement of inflow of fluorescent probes [10] . Furthermore, expression and function of pore-forming receptors in different conditions may vary as outcome of different pathophysiological conditions and molecular mechanisms [11] .
Our previous work was concerned with R192Q Ca V 2.1 knock-in mice (R192Q KI), which express voltage-gated Ca V 2.1 Ca 2+ channels containing α 1A subunits harbouring the R192Q missense mutation that leads to familial hemiplegic migraine type 1 (FHM-1) in patients [12, 13] . This model suggests a direct link between mutated Ca V 2.1 channels, potentiated neuronal responses and an inflammatory basal state [14, 15] due to a larger release of CGRP [16] , ATP and TNF-α [17, 18] . The present study aimed at comparing the occurrence, time course and intensity of responses of wild-type (WT) and R192Q KI trigeminal ganglion (TG) cultures. To this end, we decided to use an experimentally advantageous approach based on fluorescence imaging at the single-cell level rather than measuring the average fluorescent intensity of a cell population. In fact, within a heterogeneous cell population like the one employed in the present study, our method based on pore permeability evoked by ATP-receptor agonists enabled us to identify responsive cells on the basis of their morphology and, thus, to investigate cellcell crosstalk elicited by different pharmacological treatments over time.
Methods

Primary cultures
The mouse model of FHM-1, namely the R192Q KI [13] , and their WT littermates were used. All animal procedures were in accordance with national regulations of animal welfare and approved by the ethics committee of the International School for Advanced Studies (SISSA). Genotyping was performed by PCR as previously reported [13] . Primary cultures of TG ganglia from mice of 12-14 days were prepared as previously described [14] and used 24 h after plating. For small interfering RNA (siRNA) experiments, TG cultures were transfected 24 h after plating with SMARTpool mouse siP2X7 (5′-GGAA AGAGCCUGUUAUCAG-3′, 5′-UAGCAGAGGUGACG GAGAA-3′, 5′-UACAUUAGCUUUGCUUUGG-3′, 5′-GGAUCCAGAGCACGAAUUA-3′; GE Healthcare Dharmacon Inc., Chicago, IL, USA) and used 48 h later. In each experiment, control cultures were transfected with scramble RNA and siGLO RISC-free siRNA (GE Healthcare Dharmacon Inc.) and used to compare responses with treated cultures.
Pore permeability fluorescence assay
Time-lapse in situ imaging of membrane permeability was performed according to standard protocols [6] . Briefly, TG cultures (plated on 18-mm glass slides) were incubated with ethidium bromide (EtBr; 5 μg/mL; Sigma-Aldrich, S. Giuliano Milanese, Italy) for 5 min at room temperature in HBSS buffer (152 mM NaCl, 5 mM KCl, 1 mM MgCl 2 , 2 mM CaCl 2 , 10 mM glucose, 10 mM HEPES; pH 7.4). ATP (0.01, 0.1 or 1 mM), the nonhydrolysable ATP analog α,β-methylene ATP (α,β-meATP; 100 μM) and the P2X7 receptor agonist 2′,3′-O-(4-benzoylbenzoyl)-ATP (BzATP; 300 μM) were obtained from Sigma-Aldrich and were added to the cultures to evoke membrane permeability and EtBr uptake. In certain experiments, TG cultures were pre-incubated (15 min) with the P2X antagonist TNP-ATP (25 μM, Sigma-Aldrich; IC50[P2X7] > 30 μM) [5] ; P2X7 receptor antagonist A-804598 (100 nM; Tocris Biosciences, Bristol, UK; IC50[P2X7] = 100 nM) [19] ; or the P/Q-type Ca V 2.1-specific channel blocker ω-agatoxin IVA (400 nM; 15 h; Tocris Biosciences) [14] . Control experiments were performed in parallel on the same day and used for statistical comparison.
Cytotoxicity developing during the pore permeability fluorescence assay [20] was quantified by counting pyknotic cells in control conditions and after 1 or 24 h from 1-h-long stimulation with ATP (1 mM) or BzATP (300 μM) as shown in Suppl. Fig. 1 a, b (n = 3) .
Fluorescence microscopy images (rate 1/min) were acquired for a total of 40 min in time-lapse mode with a Nikon Eclipse Ti fluorescence microscope and Nikon Elements software (Nikon Instruments Europe, Amsterdam, The Netherlands). For postacquisition analysis of morphologic parameters and cell counting of neuronal and non-neuronal responding cells, each recording was accompanied by two series of phase-contrast and fluorescence microscopy images acquired at the beginning and the end of the recording (as exemplified in Suppl. Tables 1 and 2 and Suppl. Tables 1 and 2 .
Immunofluorescence experiments
TG ganglia and cultures were processed for immunofluorescence as previously described [14] with minimal modifications. Samples were incubated with a blocking buffer composed by 10% horse serum and 0.1% Triton X-100 in phosphate buffer for 1 h and incubated with anti-P2X7 antibodies 
Western blot
Efficiency of siP2X7 in TG cultures was measured by Western blotting. Forty-two hours after application of siRNA (72 h after plating), protein extracts were prepared from TG cultures in 30 mM Tris-HCl (pH 7.5), 150 mM NaCl and 1% CHAPS plus protease inhibitors (Sigma-Aldrich). Extracts were kept on ice for 30 min and centrifuged at 6000×g for 5 min. Twenty micrograms of protein extract was loaded on a SDSpolyacrylamide gel (10%) and transferred to nitrocellulose membranes. Membranes were incubated with anti-P2X7 antibodies (1:500; Alomone Labs). Signals were detected with an enhanced chemiluminescence light system (ECL; Amersham, Uppsala, Sweden), quantified with Alliance UVtech (Cambridge, UK) and normalised with respect to the level of β-actin (1:500; Sigma-Aldrich), which was used as gel loading control.
Data analysis and statistics
Data are expressed as mean ± standard error of the mean (SEM), where n indicates the number of experiments. Statistical analysis was performed using the nonparametric Mann-Whitney rank sum test or t test using software directed analysis (Sigma Plot & Sigma Stat, Chicago, IL, USA). A p value of < 0.05 was accepted as indicative of a statistically significant difference.
Results
ATP (or synthetic agonists) induced pore permeability change in TG cultures from WT and R192Q KI mice
Previous studies have characterised the mouse TG primary cultures [21] . In particular, while sensory neurons are a minority component either in situ or in culture, a variety of nonneuronal cells is observed that comprise a large population of macrophages, satellite glial cells and fibroblasts [4, 16, 18] . In the present experiments, we investigated the membrane permeability of TG culture cells to EtBr. In WT cultures, application of ATP (0.01, 0.1 or 1 mM, arrows in Fig. 1a ) enhanced single-cell fluorescence in a dose-dependent manner. The number of ATP-responsive cells also grew in relation to the concentration of ATP and was significantly different between 0.1 and 1 mM (n = 4-6; p = 0.001; Fig. 1a, insets) . The response latency was dependent on the ATP concentration used in the assay; on average, the latency was 25 min for 0.1 mM and 17 min for 1 mM ATP (Table 1) . In R192Q KI cultures, after 20 min from beginning of the recordings, 1 mM ATP induced a stronger response than 0.1 mM ATP in WT and R192Q KI cultures (n = 4-6 experiments; p = 0.001; Fig. 1b) , and the number of cells responsive to 1 mM ATP was also significantly (p = 0.001) larger in R192Q KI cultures than WT ( Table 1 ). The data sets of the number of responders measured after 20 min and at the end of the recording are included in Suppl. Table 1 . Although ATP is a natural agonist of P2 receptors, its ability to bind and activate a wide population of P2X and P2Y receptors makes it difficult to assess the actual receptor contribution from the obtained fluorescence signals. The P2X receptor first reported for its ability to generate pore dilation with increased membrane conductance is the P2X7 subtype. Thus, we next explored the effect of the synthetic P2X7 receptor agonist BzATP (Table 2) . In WT cultures, BzATP (300 μM) evoked a fluorescence signal that rapidly grew faster in 283 out of 6825 total analysed cells to reach a level of fluorescence intensity comparable with the one produced by 1 mM ATP in the same time interval (in 143/2812 cells; Fig. 1a, c) . In R192Q KI cultures, fluorescence intensity responses to BzATP were significantly stronger already after 20 min from the beginning of the recordings (8.7 ± 1.1 in WT and 20 ± 2.4 in KI, n = 5, p = 0.005) that further increased after 40 min (28.7 ± 6.7 in WT and 46 ± 5 in KI; Fig. 1c, d and Table 2 ). The fluorescence uptake following BzATP application was observed in a significantly larger number of responding R192Q KI cells (389/3782 cells) than in WT (282/6825 cells; n = 5, p = 0.008; Fig. 1c, d, insets) . The number of responding cells to BzATP was growing during the time course, as shown in Suppl. Table 1 . Any cytotoxicity originating from the pharmacological treatments was quantified in control conditions and after 1 or 24 h from 1-h-long application of ATP (1 mM) or BzATP (300 μM): data are shown in Suppl. Fig. 1a , b (n = 3). The EtBr uptake was mainly observed in spindle-like glial cells and in flat, large inflammatory cells immunopositive for the macrophage markers F4/80 or CD11b (Suppl. Fig. 2a, b ; [18] ). The EtBr fluorescence uptake was observed also in a minority of neurons (15% of WT and 18% KI neurons; calculated on 659 WT and 466 KI neurons; n = 9-6 experiments).
We cannot exclude that non-P2X7 receptors (like P2X2 receptors) were involved in this phenomenon. For instance, since KI cultures constitutively express potentiated P2X3 receptors [14] , we applied α,β-meATP (agonist of P2X1, P2X2/ 3 and P2X3 receptors [5] ) and we measured the time course of pore formation (Suppl. Fig. 3 ). After 10 min from α,β-meATP application (100 μM), we observed a fluorescence signal in a small number of WT cells (6/418; n = 3). This phenomenon was further characterised by 20 min time to plateau and substantially smaller in R192Q KI cultures, though present in a 3 ). The number of the cells responsive to α,β-meATP did not change further during the time course (Suppl. Table 1) . These experiments demonstrated a significantly early response in a larger number of α,β-meATP responding cells in KI with respect to WT cultures.
The enhanced R192Q KI fluorescence profile was normalised by the P/Q-type blocker ω-agatoxin IVA The difference in fluorescence responses between WT and R192Q KI cultures might be correlated to sensory neuron sensitisation and/or the neuroinflammatory state previously reported for R192Q KI TG cultures [14, 18] . We, therefore, tested the effect of the P/Q-type Ca V 2.1 blocker ω-agatoxin IVA (400 nM, 15 h) on fluorescence signals induced by BzATP (300 μM). ω-Agatoxin IVA had no significant effect on background fluorescence intensity of WT cultures nor did it change responses to BzATP (Fig. 2a, c) . However, in R192Q KI cultures pre-treated with ω-agatoxin IVA, the response to BzATP was significantly smaller compared to untreated control (p = 0.001 for KI Aga vs KI control; Fig. 2b, c) and generated by a lower number of cells (4/322; p = 0.004; Fig. 2d ), while the toxin pre-incubation did not significantly alter the number of responding cells in WT cultures (24/377; Fig. 2d) . These experiments suggest that responses evoked by BzATP on R192Q KI cultures were strongly up-regulated as a consequence of the R192Q Ca V 2.1 channel mutation.
P2X7 receptor expression in TG tissue and cultures from WT or R192Q KI mice
Next, we investigated whether differences between WT and R192Q KI cultures observed after application of BzATP could be attributed to differences in the expression of P2X7 receptors by employing fluorescence microscopy experiments and specific anti-P2X7 receptor antibodies, validated in control experiments (Suppl. Fig. 2e ). In TG tissue in situ, P2X7 receptor immunoreactive cells were more abundant (p = 0.006) in R192Q KI than WT mice, as the signal was mainly localised to fibre regions (n = 3; Fig. 3a) . In TG cultures, P2X7 receptor staining was observed in few non-neuronal cells (Fig.  3b) as previously reported [22] [23] [24] , and the number of P2X7 positive cells was similar in R192Q KI culture and typical of satellite glial cells counterstained with glutamine synthase (Fig. 3b) .
We then explored the pharmacological profile of the BzATP effect. For this purpose, we first used the broadspectrum P2X antagonist TNP-ATP, which at 25 μM concentration (15 min) had little effect on the response to BzATP (300 μM) by WT or R192Q KI cultures (Fig. 4a, b) , albeit the number of responsive cells was lower in R192Q KI cultures (n = 3, p = 0.02; Fig. 4b and Suppl. Table 2 ). Because TNP-ATP lacks subtype receptor selectivity [5] , the selective P2X7 receptor antagonist A-804598 (100 nM, 15 min; [19] ) was tested next. As indicated in Fig. 4c , this antagonist had no significant effect on BzATP-induced responses in WT cultures (3.9% fluorescence intensity in WT control vs 4.4 ± 0.6% in WT A-804598-treated cells, in 33/1312 cells; Suppl. Table 2 ). However, in R192Q KI cultures, A-804598 decreased the intensity signal elicited by BzATP (8.2 ± 6% in KI control vs 4.1% in KI A-804598-treated cells; n = 4; p = 0.04; Fig. 4d ), a phenomenon associated with a significantly lower number of responsive cells with respect to untreated control R192Q KI samples (17/398 A-804598-treated cells; n = 4, p = 0.026; Fig. 4d and Suppl. Table 2) .
We further studied the role of P2X7 receptor expression by siRNA silencing (siP2X7) in TG cultures (Fig. 5a, b and Suppl. Fig. 4 ). Under this condition, the fluorescence signal evoked by BzATP (300 μM) in WT cultures remained the same with respect to the signal recorded from cultures treated with scramble siRNA with no significant change in the number of responsive cells (48/1032 siP2X7-treated WT cells, n = 8; Fig. 5a ). In R192Q KI cultures, BzATP evoked a smaller fluorescence signal after siP2X7 application compared to control (Fig. 5b ) associated with significantly lower number of cells (17/1087 siP2X7-treated KI cells; n = 8, p = 0.001; Fig. 5b and Suppl. Table 2 ), suggesting a substantial contribution of P2X7 receptors in BzATP-evoked pore formation by R192Q KI samples. We wondered whether other P2X receptor subtypes might be involved in the fluorescence responses after siP2X7. Among other pore-forming structures, P2X4 receptors were reported [6] , which prompted us to perform P2X4 receptor silencing. Treatment of TG cultures with siP2X4 significantly lowered the EtBr uptake and the number of responding cells with respect samples treated with scramble siRNA (10/297 in WT and 11/502 in KI siP2X4-treated cells; n = 3, *p = 0.027; Fig. 5c, d ).
Functional relevance for migraine mediator signalling
Among different pain mediators, CGRP has been identified as a major contributor to migraine pain [25] . In fact, ambient CGRP concentrations are almost doubled in R192Q KI cultures with respect to WT and membrane depolarisation evokes release of CGRP more than five times larger by R192Q KI cultures than by WT ones [16] . CGRP also potentiates P2X3-mediated neuronal responses and P2Y receptor-mediated responses in satellite glial cells of TG ganglia [16, 26] . In order to test whether CGRP may influence fluorescence responses triggered by BzATP (300 μM), TG cultures were pre-treated with CGRP (1 μM, 4 h) before testing. In WT and R192Q KI cultures, this treatment significantly potentiated the fluorescence signal (p = 0.01; Fig.  6a, b) , an effect readily observed in WT and KI cultures (Fig.   6c ). In addition, in WT samples treated with CGRP, 68/376 cells responded to BzATP with pore formation at early time points, a number that did not grow further (Suppl. 
Discussion
In the present study, we applied the membrane permeability assay to interrogate the cell-to-cell crosstalk based on activation of purinergic receptors in primary TG cultures. Notably, fluorescent probe uptake, measured in a time-lapse mode at the singlecell level, provided a useful monitoring of the dynamics of evoked responses. The different activation profiles detected in WT and R192Q KI cultures supported the previously demonstrated alteration in neuro-immune TG context of the KI model [18] . Hence, the membrane permeability assay was useful to explore intercellular communication in primary cultures of sensory ganglia evoked by purinergic receptor signalling possibly relevant to chronic pain conditions.
Purinergic signalling and pore formation R192Q KI mice express mutated Ca V 2.1 channels that exhibit gain of function [13] . As a consequence, this genetic model shows enhanced excitability of TG neurons [14, 15] and larger release of neuroinflammatory modulators [16, 18] . However, the time course and the impact of soluble mediators on neuron-glia crosstalk or their role in amplifying cell responses remain incompletely understood. ATP is one of the major players of the communication between neuronal and nonneuronal cells acting on various ATP-gated receptors in a time-and concentration-dependent fashion [27] . ATP generates early ionic-and G protein-associated signalling [1] , as well as slowly developing changes in membrane permeability with sustained impact on tissue inflammatory responses [28] . With respect to the latter, membrane pore permeability is evoked by prolonged activation of ATP receptors expressed by macrophages [10] and necessary to initiate inflammasome assembly, exosome release and delayed inflammatory effects [29] . The relatively long latency of the responses observed in the present study might imply slow membrane rearrangement or even indirect effects induced by agonist concentrations acting on multiple targets. It was noteworthy that, under the current experimental conditions, we did not detect any significant cell toxicity. In addition, we observed variable kinetics in the time course of the responding cells in WT or KI cultures a b c d In WT cultures, a small number of cells (< 10%), characterised by ATP concentration-dependent pore formation, comprised a heterogeneous cell population (including satellite glia and inflammatory cells) likely expressing different ATP receptors. In contrast, in R192Q KI cultures, a larger number of cells responded to ATP application in accordance with higher inflammatory responses [18] . Furthermore, the steady-state response in R192Q KI culture was more intense, suggesting higher expression of P2X receptors mediating the probe uptake. The fluorescence responses evoked by BzATP application appeared to differ from the ones induced by ATP, perhaps outlining a contribution of P2Y receptors in this process. A modulatory role of P2Y receptor isoforms has been proposed [16, 30] , although their role in TG cell crosstalk requires further studies.
P2X7 receptors of TG cultures
The persistent occupancy of agonist binding sites on certain subtypes of P2X receptors, such as P2X2, P2X4, P2X5 and P2X7 receptors [31] , causes delayed formation of a cationpermeable pore that allows influx of fluorescent probes. While the mechanistic details of pore dilation remain unresolved and controversial [7] , the low-affinity, slowly desensitising P2X7 receptors are the subtype first reported with this phenomenon [32] . In TG ganglia, P2X7 receptors are expressed especially by satellite glia and inflammatory cells [23] , as confirmed in the present study. In R192Q KI cultures (unlike WT ones), the P2X7-preferential agonist BzATP-evoked responses prevented by the P/Q-type (Ca V 2.1) specific channel blocker ω-agatoxin IVA [14] , suggesting that the larger fluorescent probe uptake phenomenon depended on the overactivity of mutated Ca V 2.1 channels presumably priming the ganglion environment. Interestingly, the P2X7 receptor antagonist A-804598 as well as the largespectrum P2X antagonist TNP-ATP had no effect on WT cultures, while they strongly inhibited responses in R192Q KI cells. Although TNP-ATP also reverses P2X4 receptormediated mechanical allodynia after peripheral nerve injury [33] , the present data with pharmacological antagonists are broadly consistent with the outcome of P2X7 silencing in R192Q KI cultures. Our results, therefore, suggest a large contribution of P2X7 receptor-associated pore-forming mechanisms in R192Q KI. However, P2X7 receptors, particularly in WT cells, were not the sole contributors to the fluorescence signal. The present results might be accounted for by two processes, namely the existence of distinct P2X7 and P2X4 receptors or heteromeric complexes made up by a combination of such subunits. The latter possibility is compatible with the demonstration that, in inflammatory conditions, P2X4 receptors expressed in satellite glial cells can contribute to higher sensitivity to ATP [34] . The present results indicate, therefore, the novel contribution of P2X4 receptors expressed by satellite glial cells. In addition, the functional relation between P2X4 and P2X7 receptors and the occurrence of heteromeric P2X4/7 receptors has been recently detected in various tissues [35, 36] , though not in TG yet. In HEK cells, recombinant heteromeric P2X4/7 receptors differentially influence ATP response, pore formation and fluorescent dye uptake with respect to expression of P2X7 alone [37] [38] [39] . Future experiments are needed to clarify these issues.
Because α,β-meATP evokes the release of endogenous ATP from neurons via a Pannexin 1-mediated mechanism [40] , the application of this agonist induced a fluorescence signal that we may attribute to activation of a wider α,β-meATP on R192Q KI cultures remains unclear and might be possibly due to a more intense indirect contribution by P2Y receptors activated (or inactivated) by ATP [16] .
Role of CGRP in pore formation activity
Because R192Q KI cultures at baseline express a higher number of potential pore-forming cells [18] and release cytokines, ATP and CGRP [16, 18, 40] , the overall higher membrane permeability in R192Q KI trigeminal cultures was consistent with the expected R192Q KI phenotype. In addition, CGRP, which is a trigger for migraine pain [41] and neuronal sensitisation [26] via immunomodulatory functions [42] , potentiated fluorescence responses in a wider number of cells in R192Q KI culture rather than in WT one. The effect of endogenous CGRP was blocked by the selective inhibitor CGRP 8-37, suggesting peptide receptor-mediated responses. These observations indicate the peptide role over a large population of TG cells. It is noteworthy that the facilitation of non-neuronal cell permeability by acutely applied CGRP is the only CGRPevoked early effect detected so far in R192Q KI cultures. In summary, Fig. 7 depicts an idealised scheme for the crosstalk among sensory neurons, satellite glial cells and immune cells at the level of R192Q KI TG, involving potentiated CaV2.1 channels, enhanced release of CGRP and facilitation of P2X7 (or P2X7-like) signalling all concurring to the lowering the threshold for trigeminal pain.
Relevance of functional crosstalk in TG cultures
In conclusion, as a consequence of amplified signalling in R192Q KI cultures, new molecular mechanisms (e.g. gene expression, splicing, subunit assembly) might emerge at the single-cell level to account for distinct pharmacological effects in R192Q KI in comparison with WT samples. This changing scenario might add further complexity to the delicate balance regulating purinergic responses on the basis of ATP release, expression of heterogeneous receptor subtypes (with different affinity for ATP) and efficacy of ATP-hydrolysing enzymes [2, 43] . Fig. 7 Schematic view proposing the cell arrangement underlying crosstalk among TG neurons and non-neuronal cells in KI ganglia. The diagram hypothesises facilitated release of soluble mediators such as CGRP in R192Q KI ganglia to augment P2X3 receptor-mediated responses and cell-to-cell crosstalk among neuronal and non-neuronal P2X receptors to enhance TG nociceptive signalling. Mutated R192Q CaV2.1 channels (CaV2.1*) expressed by R192Q KI neurons are proposed to play a key role in promoting larger CGRP secretion (black dots), potentiation of P2X3 receptors and larger ATP release (yellow dots) with enhanced tissue purinergic responses. Arrows depict a few crucial interconnections
